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ABSTRACT
The development of a combustion operating point control system
has received interests from gas boiler manufacturers in order to
ensure optimized performances despite variations of natural gas
composition. Fully premixed burners are widely used in these boilers
and the equivalence ratio is a key parameter to control. Experiments
are carried out in this study for CH4/air fuel blends diluted by N2 or
CO2 or enriched by H2, C2H6, or C3H8. Two low cost solutions for
monitoring the equivalence ratio based on the ﬂame ionization
current and the chemiluminescence signal are investigated on a
laboratory laminar conical ﬂame. The behavior of the ionization
current with changes of gas velocity, fuel composition, and equiva-
lence ratio is shown to be mainly related to the size of the dead
space between the ﬂame base and burner rim. In a second stage,
changes of the chemiluminescence signal is studied and the use of
CH*/OH* intensity ratio as an equivalence ratio indicator is veriﬁed.
Numerical 1-D premixed ﬂame simulations are performed to support
the experimental results on the ﬂame chemiluminescence. Finally, a
third equivalence ratio sensing method is proposed, coupling both
techniques and the three strategies are compared.
1. Introduction
Due to a decreasing indigenous natural gas supply, the European gas network is expecting
a more diverse set of supply sources (Williams et al., 2012), which may also lead to larger
variations of the gas composition in a near future. In addition, the injection of gases from
renewable resources (e.g. biogas and hydrogen) in the gas network may introduce new gas
components. These evolutions set a challenge for domestic gas boiler manufacturers, who
must ensure an optimized performance of their apparatus despite the composition varia-
tions of gas supply.
Perfectly premixed burners are widely used in modern domestic gas boilers. The
mixture equivalence ratio must be maintained within an optimized range to achieve low
pollutant emissions and high eﬃciency (Docquier and Candel, 2002). The current control
strategy based on a ﬁxed fuel composition needs to be reconsidered in view of the future
gas composition variations.
The development of an automatic combustion control system, capable of regulating the
operating point according to the changes of the fuel blend composition, has therefore
received interests from the manufacturers (Näslund, 2014). For this purpose, the ﬁrst step
is to gain reliable and precise information on the combustion state. An extensive review of
potential techniques and sensors has been performed by Docquier and Candel (2002).
Considering the strict requirements on the cost and simplicity of the technological control
solution set by the market of household gas boilers, the present study focuses on two low-
cost solutions allowing to monitor the equivalence ratio of perfectly premixed ﬂames. The
signals originating from the ionization current and ﬂame chemiluminescence are both
explored to this purpose.
The ﬂame ionization current can be measured when a bias voltage is applied between
an ionization probe and the metallic burner surface. Its intensity is known to be related to
the ﬂame equivalence ratio and ﬂame monitoring systems based on this technique are
emerging in recent years (Kiefer et al., 2012; Näslund, 2014). The ﬂame conductivity is
achieved, thanks to the ions and electrons produced during the combustion process
(Calcote, 1961; Fialkov, 1997). For a lean methane-air ﬂame, the main charge carriers
include H3Oþ, O2 , and electrons. Many studies were conducted in internal combustion
engines. Franke (2002) and Rodrigues (2005) revealed that the surface area of the cathode
is essential to achieve a strong current intensity. Analytical models derived by Rodrigues
(2005) and Karrer et al. (2010) reveal that the ionization current intensity is linked to with
the ﬂame quenching distance. Fewer studies are found for applications in domestic gas
boilers. Kiefer et al. (2012) measured the ionization current on a real gas boiler and found
that the current intensity depends on the gas velocity. Nevertheless, a more comprehensive
investigation on the eﬀects of many factors like the power, gas composition, probe
position, etc. is still needed for the design of a ﬂame monitoring system.
An alternative technique concerns the ﬂame chemiluminescence, which is easy to
record and sensitive to the equivalence ratio. The diagnostic technique is mainly based
on the emission intensities of OH* at 308 nm, CH* at 430 nm, C2* at 516 nm and CO2*
between 300 and 600 nm, often represented by the intensity at 450 nm. Its application to
real combustion systems has recently been reviewed by Ballester and García-Armingol
(2010). Docquier et al. (2002) have developed a demonstrative equivalence ratio controller
for a conical methane-air ﬂame, based on a lookup table consisting of two intensity ratios
OH*/CH* and CO2/CH*. The ratio of two emission intensities, initially proposed in
Kojima et al. (2000), is commonly used in later studies to remove the impact of disturbing
factors like the power, strain rate, and optical obstructions. Eﬀects of the fuel type were
also investigated. Orain and Hardalupas (2010) studied the chemiluminescence of diﬀer-
ent fuels and found that the response of the OH*/CH* intensity ratio vs. equivalence ratio
depends on the fuel nature. Studies with fuel blends are relatively few. García-Armingol
and Ballester (2014a, 2014b) studied emissions of CH4/CO2/H2/CO ﬂames. They found
that the intensity ratio OH*/CH* could be applicable to detect the equivalence ratio of
fuels diluted with diﬀerent levels of CO2. When H2 is added to methane, the OH*/CH*
signal shows a non-monotonic behavior for equivalence ratios ϕ > 0:75 and the OH*/CO2
intensity ratio is a better alternative in this case. Guiberti et al. (2015) studied the impact
of N2 and CO2 dilution on the chemiluminescence and found that they both reduce the
chemiluminescence intensity of CH*, OH*, and CO2 per unit ﬂame surface area, but CO2
yields a larger drop than N2 for the same molar fraction in the fuel blend.
Changes of the chemiluminescence intensity with equivalence ratio and inert gas
dilution are attributed in some studies to the ﬂame temperature. Lee and Santavicca
(2003) argue that it is the ﬂame temperature rather than the equivalence ratio by itself
that changes the chemiluminescence intensity. One of the supports for this claim is the
numerical results from Samaniego et al. (1995). For mixtures at diﬀerent equivalence
ratios and N2 dilutions, these authors found that the CO2 emission intensity per unit
ﬂame surface area is correlated to the burnt gas temperature.
Despite these investigations, there is yet no systematic analysis of eﬀects of variations of
the fuel gas composition on the equivalence ratio sensing either through the use of ﬂame
ionization current or ﬂame chemiluminescence.
In the present study, a premixed conical ﬂame setup is used as a generic system to
investigate the ﬂame ionization current and chemiluminescence signal and evaluate the
possibilities to use these signals to combustion monitoring in domestic gas boilers. The
ﬁrst part of this study is dedicated to the ﬂame ionization current. A series of tests are
performed to understand the impact of probe position, ﬂame power, and fuel composi-
tion. An explanation of these eﬀects is then proposed by relating the current intensity with
the size of dead space between the ﬂame base and burner rim. The second part of this
study focuses on the ﬂame chemiluminescence with diﬀerent natural gas compositions.
Binary fuel blends are considered with CH4 and the ﬁve major secondary components,
including N2, CO2, H2, C2H6, and C3H8. Their impact on the chemiluminescence emis-
sions of CH*, OH*, and CO2 is studied and the response of the CH*/OH* intensity ratio
as a function of equivalence ratio is analyzed. In addition, direct numerical simulations
with the REGATH code (Candel et al., 2011) are conducted to provide a support for the
experimental results. It is ﬁnally discussed how to combine these signals to monitor the
operating point of domestic boilers.
2. Methodology
2.1. Burner and measurement facilities
Experiments are performed with a conical ﬂame burner, sketched in Figure 1. The fuel–air
mixture is prepared in a cyclonic pot with three entries, attributed respectively to air,
methane, and one secondary component investigated (N2, CO2, H2, C2H6, C3H8). Each gas
ﬂowrate is controlled by a speciﬁc mass ﬂowmeter. The fuel–air mixture exiting the pot is
guided by two identical plastic ducts to the plenum. Inside the plenum, it passes ﬁrst
through a perforated plate conceived to homogenize the ﬂow, then through a honeycomb
structure helping to laminarize it, and right before the exit nozzle, a mesh-wire grid to
prevent ﬂashback and break the residual turbulent vortices. A converging nozzle, with a
contraction ratio of 8.7, guides the ﬂow and the combustible mixture leaves the burner
with a quasi-uniform top hat velocity proﬁle. The nozzle outlet features a diameter of
22 mm and corresponds to the diameter of the base of the conical ﬂame.
The conﬁguration for ionization current mimics the case in a real gas boiler (see
Figure 2a). An ionization probe is installed horizontally above the burner exit. The
probe is a metallic cylindrical stick with a diameter of 2.5 mm and a total length of
about 20 cm. The useful segment is the part in contact with the ﬂame front or the burnt
gases. The position of the probe is speciﬁed in the following by the coordinates ðx; zÞ of its
tip as shown in Figure 2a. A DC voltage is applied between the probe and the metallic
burner exit, and the former serves always as the anode. The current is measured with an
ammeter. Once stabilized, current intensity ﬂuctuations remain within  0:1μA.
Eﬀects of the gas velocity, equivalence ratio and fuel composition on the ionization
current are investigated by relating the intensity to the stand-oﬀ distance between the
ﬂame and burner rim. This distance is measured with an ICCD camera (Princeton
Instrument, PI-Max, 512 512 pixels) equipped with a Nikkor 105 mm F/2.8 lens. The
setup allows to zoom in a tiny zone near the ﬂame base as shown in Figure 3. The position
of the ﬂame base is determined based on a threshold of 25% of the maximum intensity.
The uncertainty is estimated to be  1 pixel or  0:03mm. Results were found to be
weakly altered by the choice of the intensity threshold level when chosen between 15%
and 40%.
For chemiluminescence measurements with the setup shown in Figure 2b, the light
emitted by the ﬂame is collected by a lens (F = 10 mm, ϕ = 3mm) and guided by an optical
Figure 1. Conical ﬂame burner.
Figure 2. Measurement conﬁgurations.
ﬁber to a low resolution OceanOptics USB2000+ spectrometer (200–900 nm). The ﬁeld of
view covered by the optical setup is a circular area of about 100 mm diameter, which is
larger than the longest ﬂame explored during the study. CH* and OH* intensities are
deduced from the recorded ﬂame spectra by measuring the height of the emission peaks
with respect to the baseline of the signal. This method allows to exclude the CO2 broad-
band emission and undesirable stray light signal. The CO2 intensity is determined with a
photomultiplier tube (Hamamatsu H11902-110) mounted with a bandpass optical ﬁlter
centered at 450 nm in order to avoid the possible interference with the stray light signal.
The scope of the photomultiplier tube is also large enough to collect all the CO2 emissions
from the ﬂame.
One potential source of error with the optical setup shown in Figure 2b is that the
optical collection eﬃciency is not perfectly uniform over the interrogation area. It is found
to drop slightly toward the border of the ﬁeld of view. This mainly alters the signal
recorded from elongated ﬂames, for which part of the ﬂame near the tip is located in a
zone with a lower collecting eﬃciency. Nevertheless, the ﬂame tip constitutes a relatively
small fraction of the reaction layer and the resulting relative error is estimated to be less
than a few percent.
2.2. 1-D freely propagating ﬂame simulation
In addition to the spectroscopic measurements, a numerical approach is adopted to study
the impact of secondary components on the ﬂame chemiluminescence, with a 1-D freely
propagating ﬂame model. Simulations are carried out with the REGATH code developed
at EM2C laboratory (Candel et al., 2011). The simulations for the fuel blends of CH4 with
N2, CO2 and H2 are based on the GRI-Mech 3.0 detailed chemical mechanism (Smith
et al., 2000). Additional species and reactions (Qin et al., 2000) are included when C2H6
and C3H8 are added to the fuel mixture. Reactions for the formation and decay of OH*
and CH* are also integrated in the chemical scheme following Smith et al. (2002) and
Alviso et al. (2015). The simulation gives all the ﬂow ﬁeld variables and the concentration
proﬁles of all species including OH* and CH*. The procedure explained by Kojima et al.
(2005) is used to take into account the ﬂuorescence yield yi, i.e. the fraction of radiative
Figure 3. Dead space between ﬂame base and burner rim.
decay of the ith excited radical (OH* and CH*). The chemiluminescence intensity Ii of the
ith excited species (OH* or CH*) can be written as:
Ii ¼ yici (1)
where ci is the concentration mol/cm
3 of the ith excited species. The ﬂuorescence yield yi
is given by:
yi ¼ A21A21 þ Q21 (2)
where A21 denotes the rate of radiative decay and Q21 the global rate of quenching,
calculated by:
Q21 ¼
X
j
cjkj (3)
with cj the concentration of the jth perturbing molecule (N2, O2, H2O, H2, CO, CO2, CH4)
and kj the corresponding quenching reaction rate. The quantities A21 and kj can be found
in the chemical reaction mechanism. The quenching due to C2H6 and C3H8 is not
considered due to a lack of reaction data.
The chemical mechanism used for the simulation does not include CO2 radicals. Its
intensity is determined with a simpliﬁed model assuming that the radicals are created by
the combination of CO and O (CO + O ! CO2), as proposed by Samaniego et al. (1995).
The CO2 intensity could therefore be expressed by:
ICO2 ¼ I0CO2  cCO  cO (4)
where cCO and cO represent the concentration of CO and O, respectively. The intensity
I0CO2 depends on temperature, and is given, according to Samaniego et al. (1995), by:
I0CO2 ¼ 2:5 10
6e1600=T (5)
Where T is the temperature in Kelvin. The ﬂuorescence yield y is not taken into account
to estimate the CO2 intensity, due to a lack of reaction data.
The resulting chemiluminescence intensity proﬁle Ii is integrated over the numerical
domain x ¼ 0 3mm to get the total chemiluminescence intensity of a unit surface area:
< Ii > unit surface ¼ 
L
0
Iidx (6)
where L ¼ 3mm represents the limit of the ﬂame front.
In the experiments, when secondary components are added to the fuel, the surface
area of the ﬂame front is not constant due to changes in the bulk velocity of the
fuel–air mixture and ﬂame speed of the combustible mixture. To ease the compar-
ison with experiments, the chemiluminescence intensity per unit ﬂame surface area
given by Eq. (6) for the ith excited radical is divided by the thermal power per unit
ﬂame surface area to obtain the intensity per unit power:
< Ii > unit power ¼

L
0
Iidx
ρ0u0
P
k
YkΔh0k
(7)
where Δh0k is the reaction enthalpy per unit mass of the k
th combustible species (CH4, H2,
C2H6, C3H8). In Eq. (7), it is assumed that the ﬂame has a perfect conical shape.
3. Flame ionization current
3.1. Eﬀects of probe position, gas velocity and fuel composition
The ionization current measured with diﬀerent probe positions, speciﬁed by the tip
coordinates, is presented in Figure 4. It is found that when the probe is in contact with,
or very close to the ﬂame front, the current intensity is roughly unaltered by the probe
positions. In this case, the conical ﬂame shape is deformed by the probe, but this
perturbation does not change the current intensity. When the probe tip is located in the
lower left part of the graph, the probe, inserted from the right, crosses in this case entirely
the ﬂame. A larger area of contact between the ﬂame and the probe, serving as anode,
leads to a slight increase of the current intensity as already observed by Franke (2002). On
the other hand, when the tip is located in the right of the graph, the probe is only in
contact with the burnt gases and the ionization current decreases and ﬁnally drops to zero
when the probe is completely outside the zone of burnt gases.
Figure 5a shows the evolution of the ionization current with the gas velocity (ﬂame
power), for diﬀerent probe positions. These data show diﬀerent trends with respect to the
gas velocity. This is due to the simultaneous impact of two factors i.e. the gas velocity and
Figure 4. Ionization current at speciﬁc probe positions speciﬁed by its tip coordinates. (methane – air
ﬂame, u ¼ 1:5m=s, Φ = 0.83, Ubias ¼ 300 V). The conical ﬂame front is delineated by the blue strip and
the (moving) ionization probe inserted from the right by the black strip. The color map gives the
current intensity.
the probe-ﬂame distance. This phenomenon is schematically illustrated in Figure 5b. At
z ¼ 2 cm, the probe is in contact with the ﬂame over the whole range of gas velocities
explored. The ionization current decreases monotonically for increasing gas ﬂow velo-
cities. At z ¼ 5 cm, the current increases at low gas velocities due to a reduced distance
between the ﬂame and the probe. Once the ﬂame reaches the probe for a ﬂow velocity
u ¼ 1:4m=s, the probe position is no longer important and the red curve (z ¼ 5 cm) joins
the blue one (z ¼ 2 cm). A similar trend is seen for z ¼ 8 cm but the maximum current is
achieved at a higher gas velocity. The same type of evolution, with a maximum current at
intermediate power, has been observed in real gas boilers as well by Kiefer et al. (2012).
Figure 5. Evolution of the ionization current with the gas velocity. In the left plot, the ﬂow velocities
are given at the bottom. The corresponding ﬂame lengths are at the top. These values are only valid
when the ﬂame lies below the altitude z at which the probe is set. Otherwise the ﬂame is deformed by
the ionization probe. (a) Ionization current vs. gas velocity“ and ”(b) Indicative ﬂame topology with
diﬀerent gas velocities and probe positions.
Figure 6. Eﬀects of secondary natural gas components on the ionization current. (a) Ionization current
vs. secondary component molar fraction ($P$=1.5 kW, $\phi$=0.83)“ and (b) Ionization current vs.
equivalence ratio with diﬀerent fuel scenarios ($P$=1.5 kW).
The impact of secondary components, N2, CO2, H2, C2H6, C3H8 in the fuel mixture is
now investigated. The ﬂame power is ﬁxed at P ¼ 1:5 kW and the ionization probe is set
at a height of z ¼ 2 cm above the burner outlet. In these conditions, the probe is always in
contact with the ﬂame reaction layer. In these experiments, the secondary components are
progressively added to methane from X ¼ 0 to 20% where X represents the volumetric
fraction of the secondary component with respect to the methane and secondary compo-
nent blend, while the equivalence ratio is kept constant at ϕ ¼ 0:83. It is found that the
injection of N2 and CO causes a decrease while H2, C3H8, and C2H6 additions cause an
increase of the ionization current, as shown in Figure 6a. The gas velocity at the burner
outlet varies by less than 3% for the diﬀerent fuel mixtures hence its impact on the
ionization current intensity is negligible.
The response of the ionization current as a function of the equivalence ratio is now
investigated with binary fuel blends. The volumetric fractions of secondary components
are as follows: XðN2Þ ¼ 10%, XðCO2Þ ¼ 10%, XðH2Þ ¼ 20%, XðC2H6Þ ¼ 10%,
XðC3H8Þ ¼ 5%. They are chosen to represent the maximum value expected in future
natural gas blends by also considering the injection of biogas and hydrogen. The ﬂame
power remains constant at P ¼ 1:5 kW and the probe is ﬁxed at z ¼ 2 cm. Results for the
ionization current intensity are plotted as a function of equivalence ratio, as shown in
Figure 6b. It is found that all the secondary components cause a drift from the pure
methane curve but the gaps remain relatively small. The errors made in sensing the
equivalence ratio remain moderate. The maximum diﬀerence is observed for 20% vol.
H2 addition, with a shift of Δϕ ¼ 0:08 for the same ﬂame ionization current and a system
operated with pure methane at the same equivalence ratio ϕ. The error is the largest when
approaching stoichiometric conditions. In all other cases, diﬀerences between the current
with and without secondary component are lower leading to diﬀerences in equivalence
ratio lower than Δϕ ¼ 0:05 for 0:80  ϕ  1:00.
It is worth recalling that the ionization current depends on the gas velocity and the
curves shown in Figure 6 are only valid for the given power P ¼ 1:5 kW. As the power
remains ﬁxed in these experiments, the gas velocity u also changes with the equivalence
ratio. For the pure methane/air mixture, the bulk ﬂow velocity changes from u ¼ 1:61m=s
at ϕ ¼ 0:77 to u ¼ 1:26m=s at ϕ ¼ 1:00 as indicated in Figure 6b. When the ﬂame
remains in contact with the probe tip, it has been shown in Figure 5 that the ionization
current slightly drops as the velocity increases. Nevertheless, the change of the ionization
current by a factor of 4 from ϕ ¼ 0:77 to ϕ ¼ 1:00, shown in Figure 6b, is mainly due to
the equivalence ratio.
3.2. Ionization current vs. dead space size
An attempt is made to interpret the changes for the ionization current with the gas
velocity, equivalence ratio and fuel composition. The approach builds on the work from
Rodrigues (2005) and Karrer et al. (2010). In the experiments conducted by Rodrigues
(2005) with two electrodes inserted into a planar ﬂame it is concluded that the drop of
electrical potential takes place essentially near the cathode. Using a 1-D ﬂame model, both
Rodrigues (2005) and Karrer et al. (2010) demonstrate that the ionization current intensity
is related to the quenching distance near the cathode.
It is worth examining whether these ﬁndings are applicable to this conical ﬂame
conﬁguration investigated in this study. In the following experiments, the electrical
potential of the ﬂame front is determined using the ionization probe and the metallic
burner respectively as anode and cathode. The dead space size corresponding to the stand-
oﬀ distance between the ﬂame base and the burner rim is also measured.
The ﬂame front potential can be measured with a second probe as shown in Figure 7,
set at a height of about 3 mm above the burner. However, the inert space between the
ﬂame and probe also constitutes a huge resistance of the order of 100 MΩ, much higher
than the input impedance of usual voltmeters of the order of 10 MΩ and the voltage
cannot directly be read from the voltmeter. To overcome this diﬃculty, an additional
resistor R0 is added in series with the voltmeter. The resistance R0 is varied and the
voltmeter readout U is recorded. These quantities are linked by:
1
U
¼ 1
RvUf
R0 þ Rv þ RxRvUf (8)
where Rv is the voltmeter impedance, Rx the unknown resistance between the ﬂame and
probe. The voltage Uf between the ﬂame and the burner rim is deduced from the
regression of the data gathered at diﬀerent resistances R0. Measurements are made with
a methane-air ﬂame of 1.5 kW and equivalence ratio ϕ ¼ 0:83. The voltage generator is set
at 300 V ( 0:1%). The resistance R0 is varied between 800 MΩ and 1.8 GΩ. The high
resistances make sure that the measurement branch do not perturb the initial electrical
circuit, and that the variations of Rx are negligible. The voltmeter impedance Rv is about
10.1 MΩ in the corresponding range (1 mV–4 V). The relative uncertainties for R0 and Rv
are below 1%. The response 1=U as a function of R0 in Figure 7b shows a very good
linearity, and the linear regression gives Rx,90MΩ and Uf ¼ 284V, which has to be
compared to the voltage source 300 V. These experiments conﬁrm that the major electrical
potential drop takes place near the cathode. These results suggest that the ionization
current is mainly determined by the ﬂow and ﬂame properties near the cathode. This also
explains why the ionization current shown in Figure 4 is relatively insensitive to the probe
Figure 7. Flame front electrical potential measurement.
position, constituting the anode in the electrical circuit, as long as it is in contact with the
ﬂame front.
Conical ﬂames are stabilized at a ﬁnite distance from the burner rim because the
combustion reaction is quenched close to solid walls. This dead space may explain for
the huge electrical resistance near the cathode and its size can be related to the ionization
current. The ﬂame base is stabilized at the point where an equilibrium is achieved between
the local burning velocity and the local bulk gas velocity (Lewis and Von Elbe, 1987).
When the adiabatic laminar burning velocity is reduced or when the gas velocity is
increased, in order to maintain the equilibrium, the stabilization point has to shift down-
stream and enhance the burning velocity by reducing the heat loss. It leads then to a larger
ﬂame stand-oﬀ distance (Altendorfner et al., 2011; Cullen, 1950; Kedia, 2010).
In the present study, the ﬂame standoﬀ distance is measured with an intensiﬁed CCD
camera, for diﬀerent powers (gas ﬂowrates), equivalence ratios, and fuel compositions, as
listed in Table 1. This distance increases with CO2 dilution, a higher gas velocity or a
lower equivalence ratio. It is reduced by the enrichment with H2, while the enrichment
with C3H8 does not cause any clear changes. All these results are in agreement with the
above analysis on the eﬀects of gas velocity and adiabatic laminar burning velocity.
The ionization current is then plotted as a function of the dead space size, as shown in
Figure 8. A low ionization current is almost always related to a large dead space. These
two quantities are well correlated when the power, equivalence ratio (ϕ  0:83 or
Table 1. Test conditions for dead space size measurement.
No. Power [kW] Equivalence ratio Fuel Secondary gas vol.%
1 1.5 1.00, 0.91, 0.83, 0.77 CH4
2 1.0, 1.4, 1.8 0.83 CH4
3 1.5 0.83 CH4/CO2 XðCO2Þ=0, 10%, 20%
4 1.5 0.83 CH4/H2 XðH2Þ=0, 10%, 20%
5 1.5 0.83 CH4/C3H8 XðC3H8Þ=0, 10%, 20%
Figure 8. Ionization current vs. dead space size.
δ > 1:5mm), the H2 or CO2 molar fraction in the mixture blend are varied, meaning that
the eﬀect of dead space size is dominant.
Deviations are observed when the equivalence ratio gets closer to stoichiometry. Also,
the C3H8 injection barely modiﬁes the dead space size while the ionization current
increases. These deviations may result from factors that were neglected in this study,
such as the populations of ions and the detailed electrical ﬁeld near the cathode.
Nevertheless, this correlation between the ionization current intensity and the size of
dead space allows to interpret the main features of the evolution of the ionization current
with the diﬀerent ﬂame parameters tested. It also qualitatively provides an experimental
support for the theoretical analyses from Rodrigues (2005) and Karrer et al. (2010).
4. Flame chemiluminescence
4.1. Eﬀects of fuel composition
The impact of secondary natural gas components on the ﬂame chemiluminescence is
investigated with similar methods as in Section 3.1. The experiments are ﬁrst performed at
a ﬁxed power (P ¼ 1:3 kW for N2 and CO2 dilution, and P ¼ 1:5 kW for H2, C2H6, C3H8
enrichment) and a ﬁxed equivalence ratio (ϕ ¼ 0:83), while the volumetric fraction of
secondary components varies from X = 0% to 20%. When the secondary component is a
combustible (H2, C2H6, C3H8), the power and equivalence ratio values refer to the air/
methane/secondary component mixture.
The chemiluminescence intensities of OH*, CH*, and CO2 are normalized by their
values for the pure methane case, and drawn against the volumetric fraction X, as shown
in Figure 9 (circles with error bars). The numerical results calculated with Eq. (7) are
presented as dashed lines in the same ﬁgure. It is shown that:
● The injection of N2 only slightly reduces the CH*, OH*, and CO2 emissions (< 5%
for XðN2Þ ¼ 20%)
● The injection of CO2 causes a small decrease of CH*, OH* (around 10% for
XðCO2Þ ¼ 20%), and a slight increase of CO2 (< 5% for XðCO2Þ ¼ 20%)
● H2 barely changes the emission of OH, but causes a clear decrease of CH* (> 15%
for XðN2Þ ¼ 20%) and a small decrease of CO2 (< 10% for XðH2Þ ¼ 20%)
● Addition of C2H6 or C3H8 causes a clear increase of OH* and CO2 (> 10% for
X ¼ 20%), and a remarkable increase of CH(> 150% for X ¼ 20%). For the same
volumetric fraction, C3H8 injection has a stronger impact on the chemiluminescence
intensities than C2H6.
The most remarkable is the eﬀect of C2H6 or C3H8 addition on the CH* intensity as even a
small fraction causes a signiﬁcant increase. One explanation is that the longer chains of
carbon of these fuels facilitate the formation of C2H species, a predecessor of the CH*
radical.
The numerical results reproduce the changes caused by N2, CO dilution and H2
enrichment with satisfaction (Figure 9, left column). Only the CH* intensity with H2
injection shows relatively big diﬀerences with respect to the experiments. This might be
caused by the shape of the conical ﬂames obtained with hydrogen enriched mixtures. With
20% vol. H2 injection, a clear thermo-diﬀusive instability is observed in the experiments.
The ﬂame shape is altered by periodic cells with changes of the ﬂame luminosity along the
ﬂame front. However, larger diﬀerences between numerical and experimental results are
observed for C2H6 and C3H8 enriched ﬂames (Figure 9, right column), probably because
the reaction mechanism is not suited for these fuel blends.
The CH*/OH* intensity ratio is now investigated as a function of equivalence ratio for
pure methane and ﬁve binary mixtures consisting of methane and one secondary compo-
nent. Experiments are made only at a unique ﬂame power due to stabilization issues, but
the ratio of two chemiluminescence intensities removes a priori the impact of ﬂame power
(Higgins et al., 2001a, 2001b; Hurle et al., 1968). The resulting curves are shown in
Figure 9. Evolution of chemiluminescence intensity with secondary component volumetric fraction.
Figure 10. It is found that the calibration curve obtained with pure methane (black solid
line) remains valid for combustible mixtures slightly diluted by N2 or CO2. Addition of H2
yields a noticeable error of the predicted equivalence ratio (Δϕ,0:05 for XðH2Þ ¼ 20%).
For C2H6 and C3H8 addition, even a modest fraction of a few per cents in the fuel mixture
causes considerable errors (Δϕ > 0:1), which may not be acceptable for combustion con-
trol. The gaps for the results of H2, C2H6 and C3H8 enrichment with respect to pure CH4
result clearly from the diﬀerent eﬀects of these components on CH* and OH* revealed in
Figure 9.
4.2. Chemiluminescence intensity vs. burnt gas temperature
Changes of the ﬂame chemiluminescence intensity with the injection of secondary natural
gas components may result from several factors, but it is natural to ﬁrst investigate if this
could be related to changes of the ﬂame temperature. It has been shown in the previous
section that the numerical methodology allows to well reproduce the OH*, CH* and CO2
emission intensities observed in the experiments from N2-diluted, CO2-diluted, and H2-
enriched methane/air mixtures. It is used here to examine whether these changes could be
exclusively attributed to the modiﬁcations of the ﬂame temperature.
The ﬂame conditions for this investigation are listed in Table 2, with a set of combus-
tible mixtures featuring diﬀerent inlet gas temperature T0, equivalence ratio and N2, CO2,
Figure 10. CH*/OH* vs. equivalence ratio for diﬀerent fuel blend compositions.
Table 2. Operating conditions for the analysis of the chemiluminescence intensity as a function of the
burnt gas temperature.
Fuel T0 (K) Φ Secondary gas vol.%
CH4 160 – 460 0.83
CH4 298 0.75–0.92
CH4=N2 298 0.83 XðN2Þ = 0–0.30
CH4=CO2 298 0.83 XðCO2Þ = 0–0.30
CH4=H2 298 0.83 XðH2Þ = 0–0.30
and H2 injection. Injections of C2H6 and C3H8 is not considered in this analysis. One may
however already conclude that in these cases the ﬂame temperature is not major factor
altering the chemiluminescence intensity, as shown in the right column in Figure 9,
because the ﬂame temperature barely changes with C2H6 and C3H

8 enrichment at ﬁxed
equivalence ratio.
The chemiluminescence intensity per unit power calculated with Eq. (7) is drawn in
Figure 11 as a function of the burnt gas temperature Tb. The analysis carried out in this
section is similar to the work of Samaniego et al. (1995) but with two diﬀerences. First, the
emission intensities as shown in Figure 11 are given per unit power, while Samaniego et al.
(1995) presented their results per unit surface area. Second, Samaniego et al. (1995)
limited their results to the CO2 emission at two equivalence ratios and for N2 diluted
methane/air ﬂames, while in the present work, it is extended to include CO2 dilution and
H2 enrichment, and three radicals OH*, CH* and CO2.
As shown in Figure 11a, results for the OH* intensity increase with the burnt gas
temperature, yet the slopes for each data series are diﬀerent. Therefore the ﬂame
Figure 11. Numerical results for the chemiluminescence intensity per unit power as a function of the
burnt gas temperature Tb for diﬀerent inlet gas temperature T0, equivalence ratio Φ and secondary
component molar fraction X fuel listed in Table 2. Intensity values are normalized according to a
methane-air ﬂame at Φ = 0.83 and T0 ¼ 298 K.
temperature alone is not suﬃcient to account for the changes of OH* intensity. For the
CH* signal, as shown in Figure 11b, N2 and CO2 dilution of methane–air mixtures have
the same eﬀect as a change of inlet gas temperature T0. The corresponding markers
collapse almost on the same curve. A slight deviation from this curve is observed when
the equivalence ratio of the methane-air mixture is varied (magenta markers). One
possible explanation is that the higher CH4 molar fraction in richer ﬂames promotes the
formation of the C2H species, predecessor of CH*, thanks to more frequent C1-C1
(species with one carbon atom) molecule collisions. Another diﬀerence shown in
Figure 11b concerns the results obtained with H2 enrichment, showing a completely
diﬀerent trend as the other cases studied. It is reminded that with 30% vol. H2 injection
in the fuel blend, the CH4 ﬂow rate is reduced by about 11% in order to keep the power
constant, which contributes partly to the drop of CH intensity. Also, H2 enrichment
hinders the formation of CH*. As shown in Figure 11c, the modiﬁcation of the CO2
intensity with the equivalence ratio and the N2 dilution lead to the same response as a
change of inlet gas temperature of a methane–air mixture. The deviations observed for
CO2 dilution and H2 enrichment can be attributed respectively to a higher and lower
number of carbon atoms in the reactive mixture. The decrease of CO2 intensity with H2
enrichment roughly corresponds to the decrease of CH4 ﬂow rate.
Table 3. Estimated errors (ΔΦ) of predicted equivalence ratio within 0:77  Φ  1:00.
Fuel scenario Ionization current Chemiluminescence Coupled
CH4 with XðN2) = 10% 0:01 0:02 (–) 0:01 0:02 (+) ,0:01
CH4 with XðCO2) = 10% 0:02 0:05 (–) 0:01 0:02 (+) < 0:02
CH4 with XðH2) = 20% 0:05 0:08 (+) ,0:05 (–) ,0:01
CH4 with XðC2H6) = 10% 0:02 0:05 (+) 0:1 0:15 (+) ,0:05 (+)
CH4 with XðC3H8) = 5% 0:01 0:03 (+) 0:1 0:15 (+) 0:05 0:1 (+)
Figure 12. Ionization current  CH*/OH* vs. equivalence ratio under diﬀerent fuel composition
scenarios.
5. Coupled sensing with both techniques
The impact of the natural gas composition on the equivalence ratio sensing by examining
the ﬂame ionization current or the chemiluminescence signal has been described in
Section 3.1 and 4. Based on Figures 6b and 10, estimated bias errors of the predicted
equivalence ratio with the two techniques are summarized in Table 3 for ﬁve gas
composition scenarios. The þ and  signs in the parentheses respectively mean that
the predicted equivalence ratio is higher and lower than the real value. It is recalled that
the magnitude of the error made depends on the secondary component fraction in the fuel
blend.
Since the ﬂame ionization current and chemiluminescence signal are two independent
processes, a sensing strategy can be conceived coupling both of them. The product of the
ionization current and CH*/OH* chemiluminescence intensity ratio is used in Figure 12
as an equivalence ratio indicator. The curves for N2, CO2, and H2 addition to methane all
lie very close to the reference curve obtained for pure methane. Results for C2H6 and
C3H8 still show relatively large gaps with respect to the reference case for pure methane.
The errors based on the coupled sensing strategy are listed as well in Table 3. This new
technique is especially advantageous in the case of H2 injection, because the ionization
current and chemiluminescence signals cause bias errors in diﬀerent directions, and they
are neutralized by taking the product of the two signals. Nevertheless, the coupled strategy
does not exclude the impact of the gas velocity on the ionization current and these curves
need to be constructed for each level of power. This latter combined technique is however
appealing for monitoring the equivalence ratio.
Table 3 indicates that each of the three proposed sensing strategies oﬀers certain
beneﬁts under speciﬁc conditions. The choice therefore depends on the natural gas
composition, as well as the error permitted.
● When the natural gas contains low C2H6, C3H8, or other heavier hydrocarbon fuels,
the chemiluminescence intensity ratio CH*/OH* is useful to infer the equivalence
ratio and oﬀers the advantage of being independent of the power. This equivalence
ratio indicator is well suited for the unpuriﬁed biogas, consisting mainly of CH4 and
CO2. However, the precision can be compromised by the injection of H2.
● When the C2H6 and C3H8 fractions are sizable in the natural gas, the ionization
current method is preferred to determine the equivalence ratio, because it causes
relatively small errors for all secondary components investigated.
● When H2 is injected in the natural gas and a high precision is required, the coupled
sensing strategy, where the ionization current is multiplied by the CH*/OH* intensity
ratio, may be an appropriate choice to determine the equivalence ratio. It is robust
with N2, CO2, H2 injection. Nevertheless, sizable C2H6 and C3H8 fractions in the
combustible blend would cause non-negligible errors.
6. Conclusion
Two potential low cost techniques, ﬂame ionization current and ﬂame chemilumines-
cence, have been studied to monitor the combustion state of domestic boilers powered
by natural gas with varying gas composition. The evolution of the ionization current
with the probe position in the reacting ﬂow, the bulk gas velocity, fuel composition and
equivalence ratio has been investigated experimentally. It has been found that the
modiﬁcations observed for the ionization current are related to the size of the dead
space between ﬂame base and burner rim. The analysis conducted on the chemilumi-
nescence from OH*, CH*, and CO2 has been focused on eﬀects of fuel composition and
numerical simulations with a 1-D premixed ﬂame models have been conducted as a
support to the measurements.
It has been found that both the ﬂame ionization current and chemiluminescence signal
are sensitive to the equivalence ratio, which makes them candidates to monitor the
combustion state of premixed systems powered by natural gas. However, these diagnostics
are also disturbed by other factors. The ionization current is found to depend on the ﬂame
power (or gas velocity) and the evolution can be non-monotonic. As a result, the response
of the ionization current as a function of equivalence ratio needs to be known for each
level of power. The fuel composition may compromise the precision of equivalence ratio
prediction, but the errors are acceptable for modest secondary gas fractions in the fuel
blend.
An alternative is to use the CH*/OH* to indicate the equivalence ratio, which is
supposed to remove the impact of ﬂame power. This indicator also gives satisfactory
results when N2, CO2, and H2 are injected into CH4. However, when the fuel contains
C2H6 or C3H8, the error rapidly increases and the CH*/OH* intensity ratio is in these
cases not a reliable indicator for the equivalence ratio. Finally, a third strategy is
proposed, using the product of the ionization current and the CH*/OH* intensity
ratio to determine the equivalence ratio. This coupled sensing strategy for the equiva-
lence ratio especially improves the combustion state monitoring in case of H2 injection
in the natural gas.
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